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This document constitutes the final report for the work accomplished 
between June 1975 and July 1977 by Ionics, Incorporated for the National 
Aeronautics emd Space Administration, Lewis Research Center, under Contract 
NAS-3-20108 entitled SYNTHESIS AND CHARACTERIZATION OF IMPROVED ION 
SEIECTIVE SEMIFERMEABIE ANICN EXCHANGE! MEMBRANES. 

Dr. Russell B. Hodgdon provided overall program mcuiagement . The 
principal investigator was Samuel S. Alexander with major contribution from 
W. W. .‘7aite, C. H. Swenson, A. Scieszko and R. B. Hodgdon. 

Thanks are due to Cindi Xrawczyk for her patience in typing the 
final report manuscript emd its many revisions. 
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1.0 INTRODDCTIOW AND StlMMABaf 


The abjective of NAS 3-20108 was the development amd evaluation of 
improved anion selective membranes useful as efficient separators in a 
redox power storage cell system being ccnstructed at the NASA Lewis 
Besearch Center, Cleveland. 

The program was divided into three parts, (a) optimization of the 
selected candidate membrane systems, (b) in\ sstigation of alternative 
o«mbrane/polymer systems, and (c) characterization of candidate membranes. 
The major synthesis effort was aimed at improving and optimizing as far 
as possible each candidate system with respect to three critical membreme 
properties essential for good redox cell performai n ce. 

(1) high selectivity, minimal transfer of the reactive metal 
cations (Contract target - 10“'^ equivalents Fe+3 per 
Fzuraday or less) 

(2) low electrical resistivity (Contract target - 20 ohm-cm or 
less in INHCI at 80<^) 

(3) long term dureUaility in redox environments (Contract target - 
at least 1000 hours in 2M FeCl 3 and 2M CrCl 3 at S0°C) . 

Substantial improvements were made in 5 candidate aiembr^e systems, 
the 103QZL, A3L, B2LDT, COIL cuad CP4L. These were prepared by the bulk 
polymerization of liquid monomers on synthetic fabric backing. The 
critical synthesis variables of cross-link density, monomer ratio, and 
solvent composition were examined over a wide range. A sixth system w^us 
included in the camdidate group, the A3L-96, in a low porosity configura- 
tion. 

In addition, eight alternative polymer systems were investigated, 
two of which, the COIL and CP4L, attained candidate status. Three other 
alternatives showed potential but required further research amd development. 
These were the VC-TP (aminated PVC film), CT amd CTM systems. 

Each cauididate system was optimized for selectivity. In each case 
the optimum monomer formulations were identified which produced membrames 



with a minimal transfer rate for Fe*^. In general, these were formulations 

having the minimum solvent content which could yield physically stcdsle 

membranes. The best membranes of the candidate group gave tremsfers of 

1-8x10 ^ mg Fe/mF, a range which approaches the contract target 

-4 

transfer rate of 10 equivalents per Feuraday. Analogous cauididate membranes 
which were synthesized in the previous contract period had yielded trams fer 
rates of 50-1000 x lo'^ mg Fe/mF. 

The specific resistivities of the optimized camdidate resins were 
about 35-65 ohm-cm in IN HCl at 80°C. Improvement in the adisolute elec- 
tric resistamce of the membrames was demonstrated by reducing the film 
thickness below that of the standaird Dynel backed membranes (0.6 mm). 

The membrame resistance was reduced by a factor of about two to three 

by the use of a variety of light weight fabrics as backing material. 

A 

These included material in modacrylic. Teflon , polypropylene amd glass. 

The most successful light weight fabric was a woven modacrylic yielding 

2 

the lowest resistivity (2/i-cm ) and excellent durability in the CP4L 
membrane system. This fabric, however, was compatible only in the more 
polar monomer systems (the CP4L and the CDIL) . Other materials showed 
variaUsle results. Only the membranes on the standard Oynel woven and 
the aUaove modacrylic have shown the most consistence and reliable physical 
integrity on manfacture; and long term durability on testing. A film 
thickness of about .10-. 25 mm appeaurs to be the minimum feasible range 
for viable membrame mamufactured by bulk polymerization and fabric 
saturation. 

Very low resistivities were measured in the VC -TP system (aminated 

thin commercial PVC film) but candidate status was not zecommended because 
+3 

of excessive Fe permeability and lEC loss at elevated temperature. 

The candidate ranking highest in overall properties and performance 
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was the CP4L-A2 membrane, a copolymer of 4 vinylpyridine and vinylbenzyl- 


chloride. The optimized CP4L-A2 membrane (on woven modacrylic ) was a 

rugged, extremely durable film 0.23 mm in thickness with an area resis- 

c 2 + -3 

tivity - 1.8 ohm-cm , and permeability, P^^ - 4-8 x 10 mg Pe/mF. 

The total lEC was edsout 5 meq/dgr. (50% strong base) , the highest in 

the candidate grov^. The stability of all critical membrane properties 

was excellent after lOOO hours in both 2M PeCl^ and 2M CrCl^ at 80°C. 

(Table 1). 

The other candidate membranes ranked below the CP4L system because 
of one or more deficits emd are listed below in the descending order of 
overall desirable properties. 

The A3L-B7 membrane - a copolymer of 2 vinylpyridine and divinyl- 

benzene ranked next in overall desirable properties. It was success- 

2 

fully manufactured on a production scale in 5.5 ft area sheets on Dynel 
woven fabric. The membrane had excellent durability in both electrolyte 
solutions at 80°C and very low permeability to Fe''’^. Substamtial improve- 
ment in resin durability was obtained by the use of DVB in place of 
ethylene glycol dimethacrylate, the cross linker used in the earlier 
syntheses. The resistivity of the A3L-B7, however, was at the high end 
of the candidate remge. Membreme samples on woven Teflon and other light 
weight backings were made on a led) scale showing 50% or more improvement 
in area resistivity, but were variable with respect to film integrity. 

The 103QZL-B10 membrane - a copolymer of DVB and VBC post aminated 
with t rime thy lamine was optimized for selectivity giving a tremsfer rate 
of 2 - 3 X lo”^ mg Fe/mF. The minimal absolute resistivity was obtained 
on Teflon backing which yielded a roembrame film 0.27 mm in thickness 
and a corresponding decrease of about 50% resistance. Resin durability 
was excellent in FeCl^ at 80°C but only fair in CrCl^ and 80°C, showing 

some loss of selectivity in the latter electrolyte. At present, large 
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scale manufacture is feasible only on woven Oynel. 


The CD1L-A5 amd-A5H membranes are copolymers of VBC and dimethylamino- 

ethyl methacrylate (DMAEmA) . The memfarauies have a high lEC of 4.5 meq/dgr 

c 2 

and a low resistivity, R^, of 2.9 ohm-cm . 

The membrame, 0.11 mm in thickness, weis successfully prepared in 

lab scale on light weight modacrylic fabric which represented the minimum 

film gage and resistivity in this system. Thin membrane durability was 

excellent in FeCl^ at 80°C and in CrCl^ only at ambient temperature. The 

-3 

niiT ilm n m transfer rate was 4-8 x 10 mg Fe/mF. 

The 32LDT-B2 membrane , a copolymer of VBC and DVB post aminated with 
diethylenetrieunine (DETA) , showed extremely stable resin properties in 
both electrolytes at 80°C buy only fair to poor durability for the mem- 
branes on woven Dynel and Teflon respectively. This was attributed to 
fabric damage of the Dynel in manufacture and inadequate resin fiber 
adhesion for the Teflon. The minimum membrane gage obtained was 0.27 mm 

on woven Teflon yielding the minimal resistivity for this system R » 

2 -3 

4.1 ohm-cm . The optimized transfer rate was 1 - 2 x 10 mg Fe/mF, 

The A3L-96 membrane - a copolymer of 2VP and ethylene glycol dimeth- 
acrylate (EGDM) had shown good durability in the previous prograun but 
only at ambient temperature. This membrane system was chosen as the 
sixth candidate because of the ease of manufacture in a one step poly- 
merization, and potentially low transfer rate. 

The alternative systems VC-TP, CT, and CTM were found promising but 
requiring more R s D to create viable films. 

The VC-TP membrane system - PVC film aminated with tetraethylene- 
pentamine (TEPA) - showed promise because of its relatively high porosity, 
high conductivity, and physical strength at .050 .20 mm thickness. 
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The CT polymer system - a copolymer of VBC and TEPA gave an unusually 
high lEC in the region of 6-7 meq/dgr. Higher cross linking was indicated 
for the production of a stable film structure. 

The CTM polymer system - a copolymer of VBC and N, N, N* , N' tetra- 
methylethylenediamine (TMEOA) yielded a high lEC of 4.5 meq/dgr which was 
over 90% in strong base capacity. Higher cross linking was also indicated 
here to effect a more stable resin structure. 

Characterization of the membrames was not completed, but sufficient 
data v«re obtained to rank candidates in order of their probed? le usefulness 
in the redox system. The resistivity of the optimized candidates over a 
wide ramge of HCl emd Naci concentrations was found to be a good measure 
of the candidate's relative effectiveness in excluding the cations h''* emd 
Na*. The most effective candidate membrane CD11-A5 and CP4L-A2 showed 
the least resistivity change over the entire concentration range. 

The Fe*^ transfer rate, P^^, was measured for four candidate membranes 
as a function of FeCl^ concentration over a range of 0.5 to 4.0 N. The 
tramsfer rate was constant or slightly increased in the 0.5 - 2.0 N span 
but increased sharply by a factor of approximately three for the more 
selective membranes at 4. ON FeCl^. The treuisfer rate of the most porous 
membranes of the series, the 103QZL-B2, increased by a factor of 8. 

Polarization effects were indicated by the extremely low Fe tramsfer 

rates in high porosity membranes on application of high current densities. 

+ 2 
The 103QZL219S membrane gave a P^^ of about 1-4 mg Fe/mF at 15-120 ma/cm 

-3 2 

range and decreased by 5C0% to 9 x 10 mg Fe/mF at 480 ma/cm . Low 
porosity selective candidate membranes showed little or no variable 
transfer effects over the same range. 
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2.0 MEMBRANE SYNTHESIS - CANDIDATE SYSTEMS 


In Taislc II (NAS 3«20108) five candidate membrane/polymer systems 
were investigated with the aim of optimizing the critical membr 2 me 
properties of selectivity, resistivity, and durability. Three candi- 
dates were selected from the previous contract effort; systems 103QZL, 

A3L, and B2LDT; and two membrames reached cauididate status out of Task I 
of the present contract, systems CDIL and CP4L. A sixth candidate was 
included, the A3L-96 membrane in a low porosity ccnfiguration. 

The membrames were prepared using the bulk polymerization method 
with monomer saturation of the fabric backing. A wide range of the 
major synthesis vcuriables were studied and related to the physical 
quality, integrity of the polymer film and various electrochemical pro- 
perties of the membrane. The major synthesis veuriables were (1) cross- 
link density (f„_) or molaur ratio of the co-monomers (M ) ; and (2) non- 
XXi R 

polymer solvent fraction • 

Each membrane system was optimi.:ed at a sheet thickness of 0.60 mm 
using woven Dynel fabric as the film backing material because of its super- 
ior re': in system compatibility and durability. Scale up to production size 
film^, 5.5 ft"^ in area per sheet, was judged to be feasible for all the 
candidate systems and was demonstrated for two, the 103QZL-B2 amd A3L-B7 
membranes. These membranes were manufactured on a production scale, in 
good yield with uniform physical and chemical properties. 

Improvement in resistivity was achieved by reduction of the meu jrane 
thickness through the use of light weight synthetic fabric backing. 
Membranes were produced on a lab scale in the 0.12-0.25 mm thickness 
range and showed a corresponding, but not linear decrease in area 
resistivity. Manufacturing procedures for fabricating acceptadale thin 
membranes on a large scale were not fully established. Further investiga- 
tion will be needed in this eurea. (Table 1) . 
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2.1 THE 103Q2L SYSTEM 


The 1U3QZL candidate membranes are 'opolymers of vinylbenzylchloride 
(VBC) amd divinylbenzene (DVB) post reacted with trimethylaunine (TMA) . 

The polymer network consists of a vinylbackbone crosslinked by DVB and 
contains a pendant strong base ion exchange group, benzyl trimethyl- 
ammonium chloride (Figure la) . 

The membranes aure prepaured in a two step process (a) polymerization 
of the film and (b) amination to afix the quatemaury ammonium chloride 
groups. 

A series of 103QZL type membranes were prepared from different form- 
ulations representing a wide range of monomer and non-polymerizable solvent 
compositions. The membrauae 103Q2L-B10 was found to yield the maucimum 
selectivity in this series together with good physical auad chemical 
properties (Table 2) . The optimum m noraer formulation, designated as 

BlO, consisted of a nominal crosslink density, f *.35, and a non-polymer 

XXa 

solvent content, f^p*.30. The crosslink agent was DVB. 

The optimized membrane 103QZL-B10 as manufactured on woven Dynel 
backing was a strong flexible anion selective membrame sheet 0.60 mm 
in thickness and had the following properties: 

lEC = 2.24 meq/dgr 

H_0 content = 25.4% 

^ c 2 

Area Resistivity, R , in O.lN HCl * 10. 6 n-cm 

4.3 -f -3 

Fe transfer, P • 2-3x10 mg Fe/mF 

2 

The B-lO membrane on Dynel fadsric vas produced in good yield in 1 ft 

2 

sections auid could be manufactured in sheets 5.5 ft in area (50 x lOO 
cm) . 

The Dynel backed BlO showed excellent durability in 2M FeCl^ at 80°c. 
The durability in 2M CrCl^ was expected to be similar to that obtained 
in the case of 1C3Q7L-B2 membranes. Loss of selectivity was measured 
after 100 hrs but remained essentially constant from the 200 hr. to the 
1000 hr. point. 
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The B-lO membrane was also prepaured on a lab scale on woven Teflon 

fabric which reduced the membrane thlclcness to 0.25 mm resulting In a 

c 2 

corresponding decrease In aurea resistivity, 5.5 A-cm . (Table 1). 

The Teflon fabric has not yet proven to be a satisfactory improvement 
over Dynel due to the prevalence of pinhole defects in the Teflon backed 
membranes as manufactured. 

The modacryllc faLbrlc was not usable in the 103QZL system because 

of its partial solubility In the hot monomer solution. None of the 

polyprop^’lene non-wovens produced films of amy useful quality. 

Further improvement in membrame resistivity requires creation of 

thin continuous membrane films on light weight fabrics or substrates 

which aure both chemically compatible with monomeric constituents amd 

resistive to the redox environment. 

A summairy of the experimental monomer formulations tested is given 

in Table 2. The major synthesis vauriables were; (1) crosslink density 

(f ) amd (2) non-polymer solvent content (f„_) . 

f has been defined as the mole fraction of the crosslink monomer 
XXi 

based on the total moncmer present. 

Evaluation Summaury - 103 QZL-BlO Membrane 

-B-lO formulation optimum for selectivity . 

-Large scale mamufacture feasible on Dynel woven fa0?ric. 

-Membrane on Dynel woven backing is rugged, flexible and durable in 
redox environment at 80°C, 

-improvement in resistivity achieved on lab scale by film gage 
reduction. 

-More R & D needed on backings and substrates in order to improve 
quality . 
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2.2 THE A3L SYSTEM 


The A3L membrane /polymer system- is a copolymer of 2 vinyl pyridine 
(2VP) and OVB. The membrauies are formed in a one step process by the 
polymerization of the monomers and solvent on fabric by means of heat and 
an initiator. The tertiary cyclic amino group is introduced directly 
into the polymer structure by the 2 VP monomer and no chemical post treat- 
ment is needed to activate the resin. (Figure lb) 

A series of A3L membranes were prepared on lab scale with varying 
proportions of monomers and solvent using v v'en Dynel fadjric as backing 

material. The optimized membrane in this group was the A3L-B7 membrane 

+3 

yielding the lowest Fe transfer value together with good physical and 

chemical properties. The A3L-B7 polymer was crosslinJced with DVB. 

The optimum monomer formulation for B-7 consisted of a crosslink 

density, f^^ of .30 3md a solvent content, f^^^, of .25. (Table 4) 

The A3L-B7 membrane was manufactured in production size sheets, 

2 

5.5 ft in area at .60 mm thickness with uniform physical and chemical 
properties. T) ese were: 

lEC = 3, -’-3.8 meq/dgr 

HO Content » 30.8-33.5% 

^ c 2 

Area Resistivity, R« in O.lJJ HCl ■ 9,1-10.3 n-cm 

-3 

Pe Transfer, P^^ * 1-2x10 mg Fe/mF 
As predo-Cted, DVB monomer impcurted superior chemical stability 
(in 2M FeCl^ and 2M CrCl^ at 80°C) to the A3L membrane/polymer 

system in contrast to the A3L membranes of the previous contract period 
which used ethylene glycol dimethacrylate (EGDM) as the crosslink agent. 
The optimized A3L-B7 membrane showed excellent durability in both FeCl^ 
and CrCl^ solutions at 80°C for 1000 hr exposure time. (Table 12) . The 
A3L membranes containing EGDM deteriorated progressively under the same 
conditions. 

It was demonstrated that the membrane area resistivity could be 
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substemtially improved by the use of li^t weighr synthetic backings of 
substrates in place of the standard candidate backing, woven Dynel 
(Table 5) . The choice of a backing material is limited by both its com- 
patability trith the resin system and its chemical resistemce to the 
redox enviromient . At this time, woven Dynel remains the best all around 
backing material for the A3L system polymers. The fabrics which pro- 
duced coherent samples on lab scale were tioven Teflon and non-woven 
polypropylene. However, the quality 2 und durability on srandinr^ were 
variable and none ache ived the overall reliability of the Dynel. 

Evaluation Summary - A3L-B7 Membrane 

-B7 formulation optimum for selectivity. 

-Large scale manufacture successfully demonstrated on dynel woven 
fabric. 

-Membrane is rugged, flexible and has excellent durability in redox 
environment at 80°C. 

-Resistivity improvement by decrease in film/fabric thickness 
demonstrated on lab scale. 

-More R & 0 needed to improve film quality of thin membrcuies. 
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2.3 THE B2LDT SYSIEM 


The B2LDT membrzme comprises the S2une basic polymer structure as 
the 103QZL but is aminated with diethylene triamine (OETA) to form mainly 
primary and secondary amino groups (Figure Ic) . 

The polymer film is formed in the identical meuiner as the 103QZL by 
the polymerization of VBC and DVB in solvent on synthetic fabric backing 
by means of heat and an initiator. 

The optimum membrane in this system was the B2LDT-B2 which showed the 
lowest Fe transfer value 2 uid acceptable physical 2 md chemical properties 
(Table 6) . 

The base polymer film has been mcuiofactured successfully in large 
2 

size sheets 5.5 ft in area on woven Dynel fabric. The B2LDT-B2 polymer 
structure and ion exchange groups showed excellent long range stability 
in both FeCl^ and CrCl^ solutions at 80°C. (Table 12) 

However, the unsatisfactory durability results reported on the 
B2LDT-B2 membrauies were related to the failure of the supporting fabric. 

In the case of the woven Dynel, the fed^ric was deunaged and weakened during 
the eunination process leading to further physical deterioration of the 
film and transfer properties during the long remge dured^ility test. 

The B2LDT-B2 on woven Teflon showed increased Fe*^ transfer amd 
eventual cross leedcage in the 1000 hr durability test indicating insuf- 
ficient resin fibei bonding. 

The properties of the optimized B2LDT-B2 membrane on Dynel fabric were 

lEC = 3.5 meq/dgr 

Water Content = 29.9% 

c , 2 

Area Resistivity, R^, in O.lH HCl - 8.7 A-cm 

Fe transfer, « 1-2x10 ^ mg Fe/mF 

Improvement in area resistance by fiber gage reduction was achieved 
c 2 

on woven Teflon (R^ =4.1 A-cm ). Woven Mocacrylic proved unsuitable 


because of its solubility in the monoraer solution. 

Thin film B2LDT-B2 membrzuies require further research and develop- 
ment on woven and non-woven support fabrics. 

Evaluation Sumnary - B2UT-B2 Membrane 

-Selectivity optimized at target value or better for Fe transfer. 

-Laurge scale manufacture feasible on woven Dynel fabric. 

-Polymer emd exchange groups show excellent stability in redox 
environment at 80%. 

-Use and treatment of support fabric auid substrates requires more 
R & O. 
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2.4 THE CDIL SYSTEM 


The CDIL membrane is a copolymer of vinylbenzyl chloride (V3C) and 
dimethylauninoethyl methacrylate (DMAEMA) in which the cross links are 
formed by the condensation reaction of the benzylchloride group of VBC 
and the tertiary euaino group of I^IAEMA. (Figure Id) 

The COIL membrane can be prepared by e ither a one step or two step 
synthesis. 

(1) One Step Synthesis - The backing fabric is first saturated 
with aliomogenous solution of the monomers and an initiator in solvent. 

The membrane sheet is then formea between glass plates in a single heating 
operation by t’.ie simultaneous in situ polymerization of the vinyl groups 
and condensation of the amino and vinyl benzyl groups to form q'latemary 
ammonium chloride sites. 

(2) ^o Step Synthesis - VBC and DMAEMA are first reacted in H_0 
to form a water soluble condensation product, a quaternary ammonium 
chloride salt of VBC and DMAEMA. Initiator is dissolved and the 
membrane sheet is formed in a second heating operation by the polymeriza- 
tion of the vinyl groups. 

The optimum membrane selectivity in the CDIL system measured by 
+3 + 

minimal Fe transfer (?pg) was most closely related, as in other systems, 

to the solvent fraction used. The membremes CDIL A5, A5H, A6 euid 

A6H yielded the minimal value and were prepcured with the lowest solvent 

re 

fraction in the series tested. (Table 7) 

The membranes CD1L-A5 and A5H were selected for C2uididata status 

because of their apparent lower resistivity. 

The membrane thickness weis reduced to 0.11 mm from the stamdeurd of 

0.60 mm by the successful use of light weight woven modacrylic. However, 

the apparent improvement was only a 50% decreaise or less in area resistivity 
c 

ly. This may be due to the more dense yam construction of the thinner 
cloth. 

Lab scale samples with good physical quality were prepared on woven 
'odacrylic using the one step synthesis. Scale up to production size was 
not atrempted. 
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The optimized C01L-A5 on modacrylic fabric had the following properties: 

lEC « 4.02 meq/dgr (~50% in strong base capacity) 

H-0 Content « 30.1% 

^ c 2 

Area Besistivity, R^, in O.lH IK^l <>2.9 n-cm 

Film Thickness ■ 0.11 mm 

Pe^^ transfer, ■ 7-8 mg Fe/mF 

CDIL-AS durability in FeCl^ at 80^C was excellent showing little 

or '<o chauige in any chemical or j^sical property of the film. However 


the CDUi-AS resin deteriorated structureQ.ly amd lost lEC in the more 


aggressive redox environment, 2M CrCl^ at 80 C. At ambient temperature, 
Cz'C] ^ had little or no chemical or physical effect on the membrane (CDIL- 
A5H on Dynel fabric) and on CD1L-A5 on modacrylic fabric. (Table 12) 


Evaluation Summary - CD1L-A5 and ASH Menbraine 
-Optimized for selectivity. 

-Film thickness reduced to 0.11 mm with about 50% improvement in 
area resistivity. 

o 

-Excellent durability in FeCl^ at 80 C and CrCl^ at ambient temp. 
-Large scale manufacture feasible using woven Dynel. 

-Potent!' . for thin film manufacture. 
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2.5 THE CP4L SYSTEM 


The CP4L membrane is a copolymer of 4 vinylpyridine (4VP) and vinyl- 
benzyl chloride (VBC) . The resin structure consists of a vinyl backbone 
crosslinked by quaternary ammonium segments formed by the condensation 
reaction of the benzyl chloride peurt of VBC and the pyridine amino group 
(Figure le) . The membrane sheet is formed in a one step synthesis similar 
to the procedure described in section 2.4. 

The CP4L-A2 and A3 membranes have remked highest of the candidate 

group in the overall significant physical and chemical properties. 

(Tables 1 and 8). The system produced the highest lEC, 4. 5-5.0 meq/dgr, 

c 2 +3 

the lowest eu:eas resistivity, 1.8 n-cm and a low Fe transfer. In 
addition, the CP4L-A2 showed excellent structural and exchange group 
sted)ility in both FeCl^ and CrCl^ at 80°C. Lab scale membranes havt been 
produced on woven Oynel emd on woven modacrylic. 

The optimized CP4L-A2 membrane on modacrylic f 2 ibric had the follow- 
ing properties: 

lEC = 5.30 meq/dgr (cdsout 55% in strong base capacity) 

Water Content = 31.8% 

c 2 

Area Resistivity, R^, in O.IN HZl =1.8 n-cm 

transfer, P^ . „ -i«-3 r. , =. 

Fe = 4-8x10 mg Fe/mF 

The superior resistivity and good selectivity of the CP4L-A2 membrane 
relates to the unusually high ion exchange capacity achieved by the 4VP 
monamer. The fixed ion charge density or interstitial molality, I , of 

n 

the resin was 11.4 meq/g H_0. The highest I obtained in the previous 
contract period was 7.5 nieq/g H^O (Table 10, NASA CR-134931) . The 
interstitial molality is defined as the meq of exchange capacity per 
grcun of resin water content. 

The effectiveness of cation exclusion was demonstrated by the small 
change observed in CP4L-A2 curea resistivity over the range of o.l to 6. ON 
HCl in the external solution and indicated that the CP4L membrane experienced 
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less intrusion than the other cwdidate resins. (Teible 14) 

Lab scale manufacture of the CP4L was direct emd easy. Large scale 
meuiufacture of the CP4L appears to be possible. 

Although the modacrylic fabric produced excellent membrane films 
it was chemicaly sensitive to the CP4L mcnoners resulting in some fabric 
shrinkage emd thickening of the end product film to 0.25 mm. 

Evaluation Sunmaury CP4L~A2 Membrane 
-Optimized selectivity. 

-Improved resistivity by reducing film gage to 0.25 ran. 

-Has highest lEC emd lotrest area resistivity of candidate group. 

-Excellent durability in both FeCl^ and CrCl^ at 80°C. 

-Viable manufacture on lab scale and potential for Icurge scale pro- 
duction. 



2.6 A3L-97 MEMBRANE 


Tlie A3L-% polymer composed of 2 vinyl pyridine crosslinked by 

ethyleneglycol dime thyacry late. (Figure If) . It was selected as the 

sixth cemdidate because of its anticipated ease of m 2 uiufacture in a one 

+3 

s ep polymerizaticn process and potentially lew Fe transfer rate. The 
initial trial using Teflon fabric as backing was not successful. However, 
we expect to furnish samples of an optimized version on both Dynel and a 
thin synthetic fabric. 

Evaluatf«*n Summary A3L-96 Membrane 

-Durable membrane in redox environment at aunbient temperature. 
-Potential ease of manufacture in one step polymerization. 
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3.0 ALTERNATIVE MEI-lBRAliE SYSTEMS 


Under Task 1 (NAS 3-20108) we proposed to screen at least eight 
alternative meinbrane/polytner systems and select from this number those 
which showed good potential for improvement in selectivity and electrical 
resistivity in addition to ease of memufacture and durability in the redox 
environment. The method of film memufacture in most of the above systems 
was bulk polymerization of the monomers on synthetic fabric using heat 
and free radical initiators. In one system the membrame was formed by 
the amination of a commercial PVC film. (Table 9) 

Two alternative membrane systems were advanced to candidate status. 

(1) The CDIL system - a copolymer of vinylbenzylchloride 

(VBC) amd dimethlauninoethylmethacrylate (DMAEMA) 

(2) The CP4L system - a copolymer of VBC and 4-vinylpyridine 

(4VP) 

The remaining proposed alternative membrane systems were explored 
and evaluated. Four systems have shown film mamufactur g viadsility 
and promising physical and chemical properties. These were: 

(1) The CT system - a copolymer of VBC and tetraethylene pentamine 
(TEPA) 

(2) The CTM system - a copolymer of VBC and N, N, N', N' tetramethyl 
ethylene diamine (TMEDA) 

(3) The VCl-TP system - PVC film aminated with TEPA. 

Three systems were rejected because of inability to manufacture 
films using the current bulk polymerization technology. These are: 

(1) The CE system - a copolymer of VBC and ethylenediamine (EDA) 

(2) The CD system - a copolymer of VBC amd diethylene triamine (DETA) 

(3) The CX system - a copolymer of 4VP and arCt' xylenedichloride 

(XDC) 

(4) The SEM system - a copolymer of ethylene glycol dimethacrylate 
(EDGM) and sulfoethyl methacrylate (SEM) 
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3.1 THE CT SYSTEM 


In this case, vinyLbem:yl chloride (VBC) is used with polyalkyl- 
polyamine (TEPA) providing both the needed crosslink segment. (Figure 
2a) l^ie CT resin is prepared by a two step process in which the active 
ingredients VBC and TEPA axe reacted to form am aminovinyl intermediate. 
The intermediate is then polymerized by heat amd initiator on synthetic 
fabric . 

The initial membrane samples showed unusually high levels of weak 
base ZEC in the range of 6-7 meg/dgr. However, the high H^O content of 
the membrane and severe resin erosion in acid indicated a weakly cross- 
linked polymer structure. 

The application of higher cure temperatures amd am increase in VBC 
did not sufficiently improve the resin stability for membranes prepaured 
by saturation of woven fabrics. However, thin films of the CT resin 
bonded to non-woven substrates showed improved duradjility in acid 
solution, am effect which may be due to the greater continuous physical 
support provided by the mat fibers. The best non-woven backing in this 
regaurd was a polypropylene mat. 

Evaluation Summary - CT System 

-Highest lEC attained in program. 

-Components have high reactivity. 

-Shows potential for thin film manufacture on porous substrate. 
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3.2 THE cm SYSTEM 



A crosslinked structure is produced by the condensation of the benzyl- 
chloride group of VBC with both ends of the tertiary diamine, N, N, N' , N' 
tetrainethylethylene dieunine (TMEDA). This forms quartemary exchamge 
sites at the cross link segment. (Figure 2b) 

The CTM membrane was prepared in a one step process. The monomers 
were mixed together in a solvent containing initiator. Hard, well cured 
films were produced when the monomer solution was rapidly polymerized. 
Gradual heating tended to produce undercured films. However, even the well 
cured membranes tended to erode and leak after several days standing in 
acid environment. 

The CTM polymer system gave lEC values in the 4-5 meq/dgr range 
tdiich consisted of over 90% in strong base capacity. 


Evaluation Summary - CTM System 

-One step polymerization with very reactive monome: j. 

-High lEC which is predomineintly (90%) strong base capacity. 


-Potential for thin film memuf acture , 
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3.4 THE SEM SYSTEM 

The SEM menbrane/polymer 3\'stem represents the sole cation selective 
meitibreme proposed in the current program. The Sl^M resin is copolymer of 
sulfoethyL methacrylate (SEM) and the crosslinker ethylene glycol dimeth- 
acrylate (EGDM) . (Figure 2g) 

The trial samples as prepared on woven Dynel had good integrity 

c 2 

and 2 u:ea resistivity in O.lN HCl, R *13,0 ohro-cm . The lEC and 
H 2 O content was 2.3 meq/dgr and 38% respectively. 

The SEM system, however, was rejected from further consideration 
because of leakage failure during testing for Fe transfer in 2M FeCl 
solution. All samples behaved similarly although the original films were 
appeurently free of holes or cracks by inspection emd testing with dye. 

Evaluation Summary - 3EM 

-SEM membrane system not suitable because of resin failure in redox 
solution . 
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3.3 THE VC-TP SYSIEM 


The VC-TP membrane system was the sole system proposed in the current 
progrzun which was not produced by bulk polymerization of liquid monomers. 
The VC-TP membremes were prepeured by the amination of thin commercial 
polyvinylchloride (PVC) film using tetraethylene penteunine (TEPA) . The 
structure consists of PVC chains and pendant polyalkyl polyamine groups 
some of which may crosslink the PVC chains. The anion exchcuige groups cure 
secondary and pr injury amines. (Figure 2c) 

Tables 10 and 11 summcurize the physical and chemical prcperti 
the experimental \’C-TP membranes produced in the program. A variet. 
commercial PVC films were tested comprising film thickness of .025 mm 
(1 mil) to 0.20 mm (8 mil) emd with a plasticizer range of 7 to 30%. 

As produced, the membranes tended to show low selectivity (excessive 
+3 

transfer) . with post treatment of the membranes in FeCl solution 
and in ai^ the selectivity was improved but with resultant loss in lEC 
and conductivity. None of the usable film samples produced in the current 
progr 2 un were recommended for testing at the NASA Lewis Center because of 
the relatively high Fe"^^ transfer rate. 

Advemtages of the VC-TP membrane were its film gage (0.025-.20mm' 
resulting in very low resistivities and good film strength and integrity . 
It tended to embrittle somewhat with prolonged heating. 


Evaluation Summary - VC-TP Membranes 

-Membrame as currently produced not suitable for redox application. 

-Potential as conductive thin substrate for application of candidate 
polymer film. 
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3.5 THE CE> CD, AND CX SYSTEMS 


The following polymer systems were found (mworkable for direct 2 md easy 
manufacture of useful homogeneous anion membrane films. These were the: 

(1) CE System - copolymer of vinylbenzylchloride (VBC) and ethylene- 
dieunine (Figure 2d) . 

(2) CD System - copolymer of VBC and diethylene triamine (DETA) 

(Figure 2e) . 

(3) CX System - copolymer of 4 vinylpyridine (4VP) and CX, CX' 
dichloro-p-xylene. (Figure 2c) 

Successful film manufacture using the bulk polymerization method 
required that the monomer-solvent constituents of the system be miscible 
and capable of st203le homogenous monomer solutions for fabric impregnation 
prior to polymerization and curing. 

The components of the CE, CD smd CX systems were generally incom- 
patible in a wide variety of polar 2 uid noii-polar solvents, separatir-r 
into 2 or 3 phase solutions or producing insoluble precipitates during 
the mixing stage. 
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4.0 DURABILITY OF CANDIDATE MEMBRftNES 


The anion selective membremes studies in this program %iere composites 
of a variety of experimental ion-exchange resins amd synthetic fabrics. 
Long term useful functioning of these membranes ais cell separators in a 
redox system requires that the resin structure,- :on jxrh.ange groups, and 
the supportive fabric have adequate long terra stability and chemical 
resistance to the redox cell solutions. 

The durability of the candidate membranes was tested by the inner- 
sion of mendsrane samples (3" in diameter) in 2M FeCl^/lM {R:1 and in 
2M CrCl^/lN HCl solutions madntained at 80°c for a period of 1000 hours. 

At intervals of 100,250,500, and lOOO hours membrane samples %«re removed 
for inspection and analysis of chemical and {4iysical properties. 

Each membrane sample was characterized as follows: 

(a) Visual inspection for c"'vious gross changes such as lesin erosin 
surface cracks, color, and flexibility. 

(b) Non staining dye test for leaik defects 

(c) Burst strength or Mullen Burst Tester this data is essentially 

a measure of the fabric durability as polyelectrolyte membremes 
..^ve little or no self supportive strength 

(d) Ion exchange capacity (lEC) 

(e) Water content 

(f) Resistivity in O.JN HCl 

(g) Fe'*’^ transfer rate 

A summary of the durability test .results is given in Table 12. 

The CP4L-A2 membrane on woven modacrylic fabric ranked highest in all 
around durability. The CP4L-A2 showed little or no significant change in 
the essential functional cuid struct>iral membrane properties in both FeCl^ 
and CrCl^ test solutions at 80°C. Sole alteration was the resin color 
which chamged from a transparent colorles" appearamce to a dark opaque 
color but with no apparcmt detriment to measurable chemical or 
physical property. 

The A3L-B7 membrane on woven Dynel had similar good duraUbility 
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in all functional propeirtles in both redox enviroxxnents but showed some 
film stiffiness or brittleness by 100 hours which produced a small loss on 
film burst strength (15%) . 

The 103QZL and CDIL systems exhibited good durability in FeCl^ but 
showed a substantial loss of selectivity and an increase in water content 
in C: at 80°C. both effects indicated soem structural deterioration 

or opening up of the polymer net-woric. The CDIL resin whi<di is cross- 
linked by a quaternary ammonium chloride showed a marked decrease in 
strong base lEC and a corresponding rise in weak base lEC, an effect 
caused by splitting of the caudjon-nitrogen exchange groups. The major 
deteriorati<x\ effects in the 103QZL and CDIL membranes occtired in the first 
loo hour period of solution contact and little significant chamge in 
functional properties was measured thereafter from the 200 hour to the 
1000 hour mark. The COIL membranes experienced no embrittlement of stiffen- 
ing auid consequently showed no loss in burst strexigth (fabric strength) in 
either solution. At asbient temperature the CDIL showed excellent dur- 
bility in the CrCl^ test solutior. 

The durability data collected on the B2LDT-B2 wais mix> i. The B2LDT-B2 
resin exhibited excellent structural and ion exchange group stability 
in FeCl^ azxi CrCl^ at the elevated temperature. The observed membrane 
deterioration was due to fabric failure. The lew burst strength of the 
membrane containing woven Dynel was the result of damage to the backing 
during the amination step. The B2L0T-B2 membrane on woven Teflon, showed 
progressive increause in Fe^^ transfer leading eventually to severe leakage. 
The membrane failure in this case was most likely related to inadequate 
resin bonding to the Teflon yam. The most successful and durable camdidate 
polymer fabric composite films have been on Dynel amd modacrylic backing 
materials. 
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5.0 MEMBRANE BACKING MftTERIALS 


Membrane electxical resistaince is directly related to the thickness 

of the functional resin film. Major improvement or decrease in menbreme 

resistance can be achieved for a particul^n^ optimized candidate polymer 

only by a substantial redaction in the resin film thickness. 

Homogenous ion exchange resins are by themselves too fragile to 

yield a useful unbroken continuous sheet of reasonable size without the 

aid of a supportive substrate usually a fabric. The candidate meobranes 

optimized for selectivity %iere manufactured on woven Dynel, a fabric 

with excellent resin compatibility and chemical durability but yielding 

finished membrane sheets 0.55 - 0.65 mm (25 mil) in thickness euyi area 
c 2 

resistivities, R , in the €-10 ohm-cm range. 

For the purpose of reducing membrane thickness, about 25 thin gage 
woven and non-woven fabrics were screened as backing material for membranes 
These included modacrylic. Teflon, polypropylene and glass. 

In the bulk polymerization method of membrane manufacture the backing 
fabric is saturated by the liquid monomer charge whose subsequent poly- 
merization creates a resin- fabric composite she6t. The sheet thickness 
is determined by the fabric gage. In practice the finished membrane 
is usually somewhat thicker than the baclcing fabric due to swelling and 
penetration of the fibers by the monomers and solvent. A suitable fabric 
for membrane support must be chemically compatible, bond well with the 
resin and have physical and chemical stability in the manufacturing process 

In addition, the support fabric must be thermally etnd chemically stedsle 

o 

in the redox enviranment up to 80 C. 

The woven and non woven fabrics considered in the test program 
yielded membrane films in the thickness range of 0.10 to .50 non. The 



corresponding resistivity (absolute) shewed at best only a 2 to 3 fold 
improvement over the standard Dynel candidate membrane primarily due to 
the varying density of yam or fiber construction of the backing materials. 

A major limitation in thin supported ion exchange films is that si.'.all 
defects which can be ignored in thicker films become exaggerated in thin 
films and can produce random pin-hole leeUcs. Consequently, thin resin 
films tend to require more densely constructed supports for strength and 
film continuity, which in turn tends to increase the overall raembreme 
specific resistivity. 

The compatibilities and stabilities of the backings tested were 
variable. Woven modacrylic gave good results in the CDIL and CP4L can- 
didate systems. It experienced yam shrinkage when immersed in the CP41 
monomers producing a thicker gage film than mticipated, however, lab 
scale samples of the CP4L-A2 on modacrylic had excellent physical and 
chemical properties. The modacrylic fabric was not suitable for the more 
non-polar candidate polymer systems 103QZL, A3L and B2LDT because of partial 
solubility in the monomers. 

Teflon yielded films with good physical appearance for the 103QZL, 

32IDT and A3L systems but the problem of adequate resin-fabric bonding 
was not solved. The membraLne yields were improved (lower incidence of 
random pinholes) by longer residence time of the fabric in the liquid 
monomers . 

The Teflon fabric, however, ranked consideraQsly below the Dynel 
euid modacrylic in terras of uniformity and reliability of the membrane 
films. The A3L system membrane on Teflon in particular, developed 
severe leakage on steuiding in acid environment for several weeks, 
although as meumfactured it exhibited reasonable film integrity. 

The 103QZL-310 on Teflon showed fragility and tendency to develop 


leakage on testing 
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Non-woven polypropylene mats showed some promise in the A3L systems, 
but behaved very poorly in the 103QZL system. 

Two special substrate materials, PVC toam sheet amd melt blow poly- 
propylene %«ttable mat indicated good bonding for the A3L system and for 
the more polar resin systems such as the COIL. 

Glass weaves produced film with excellent physical appearance on 
manufacture, hcwever, glass fibers (E-grade) held very poor durability 
in acid. Astroglass, a high temperature resistance grade, and also glass 
with protective coatings or finish nay be more satisfactory. 
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6.0 MEMBRANE RESISTIVITy IN NaCl AND HCl SOLUTIONS 


The resistivity of the candidate membrames was measured as a 
function of concentration in HCl and NaCl solutions at 25^C using the 
liquid junction method. (NASA CR-134931 APIENDIX III) The meaisurements 
were taken over a ramge of 0.1 to 6.0 N in HCl and 0.1 to 5.0 N in NaCl. 
The NaCl solution was acidified to O.OlN in HCl in order to maintain 
the electrical conductivity of the weeUc baise amino groups. The electro- 
lytes were circulated and therroostated at 25 + 0.2°C. The results are 
sumnaurized in Tables 13 and 14 amd Figures 3,4,5, & 6. 

Ion selective membranes are electrically conductive by virtue of 
the fixed ionized sites in the resin matrix iirtiich permits movement, as 
in electrolyte solutions, of the mobile counterion. 

Ion exchamge resins atlso adsorb varying aunounts of electrolyte 
(Donnam diffusion) depending on the physical and chemical properties 
of the resin, and the nature and composition of the external electrolyte. 
The membrane resistivity as measured in solution represents additive 
mobilities of the resin counter ions (Cl ) auxi any adsorbed electrolytes 
(HCl or NaCl) . 

Electrolyte exclusion is generally favored by a high ion exchange 
capacity, a high internal fixed chaurge density, and 1 cm resin pc^rosity. 
Electrolyte exclusion is also favored in dilute concentrations, low 
valamce of the counterions, and high valence of the co-ions in the 
external solution. The most selective membrarnes are those vdiich are 
effective in excluding electrolyte at high concentration. 

As expected, the membrane resistivity declined as the concentration 
of HCl increased prcjducing greater electrolyte diffusion into the resin. 
The membrane with the highest porosity, the 103QZL-B2 showed the greatest 
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drop in resistivity. Less resistance change occurred for those membranes 
having better selectivity emd thus greater effectiveness in excluding 
cations. These were the CD1L-A5H10, A5-3 and the CP4L-A2-2 membranes. 

One measure of the membranes effectiveness in excluding the cation, 
was indicated by the ratio of R at O.lN HCl to R at 6. ON HCl. 

The smallest change in the ratio R (O.lyR (6.0) was shown by the 
camdidates CD1L-A5 and CP4L-A2. These membranes have the highest lEC or 
ion charge density of the candidate group and should have high selectivity 
to anion 'toansfer in strong acid solutions. 

The membreune resistivities in NaCl solution (acidified) showed a 

smaller decline than in HCl but were ramlced in the same order of ion 

exclusion effectiveness. The candidate membranes were better able to 

+ 

prevent the intrusxon of Na Isecause of its lower mobility. The CP4L 
menbrane showed a higher resistance at 5. ON NaCl them at 0.1 N NaCl. 

This unexpected increase may be due to an osmotic loss of H^O from the 
resin at the high external salt concentration. 

At dilute electrolyte concentration (O.lO N) the membrane resistivities 
were approximately the same in either NaCl or HCl for each particulcu: 
Ccmdidate. This resistemce value represents closely the basic resistivity 
of the resin in the Cl form 2 m there is minimal contribution to the resin 
conduct 2 mce by the adsorbed electrolyte. The more selective membranes, 

COIL and CP4L, show a relatively flat conductivity response to 

increased electrolyte concentration indicating that very little electrolyte 

is being adso^dsed by the resin. 

Tables 15 and 16 compcure specific resistance of the candidate membrcmes 
and the electrolyte solutions. The CDIL A5H-10 and CP4L-A2 merabreme show 
a specific resistance very close to that of 0.10 N NaCl. The data indicates 
that as membrcme selectivity approaches 100% effectiveness, the specific 
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resistance of the membrane (at equal lEC values) will tend to increase 
because of the more efficient exclusion of electrolyte particularly the 
acidic species. Further improvement in menbrcine selectivity will tend 
to increase the specific resistivity. Thus major reduction in absolute 
membrane resistance without selectivity loss will require a proportic.'.al 
reduction in membrauie film thickness to counter balemce the increase in 
resistivity . 

The area resistivities of the thin film versions in each candidate 
system was reduced by a factor of 2 to 3. 
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7.0 Fe'*‘^TRANSroR AS ft FONCTIOW OF FeCl'j CONCENTRATICW 

The transfer rate, was measured for several camdidate 

menibranes, the 103QZL-B2 and the CP4L-A2 at four different FeCl^ concen- 
traticns; 0.5, 1.0, 2.0, amd 4.0 N acidified IN in HCl. Two other 
candidates, the 103QZL-B10 and the C01L-A5H-10 were tested at 0.5 
and 2.0 amd 4.0 N. 

The amount of Pe^^ tramsfer per unit of electric current was a 

measure of the membranes functional selectivity or efficiency under 

dynamic redox cell conditions. The test simulated a redox FeCl^ half 

2 

cell at a current density CO = 60 ma/cm , in the chaurging mode (polaurity) 
of cell operation. A detailed description of the test procedure and 
apparatus is presented in NASA CR 134931 (page 38, and Appendix IV) . 

The Pe^^ transfer rate, remained approximately constamt for all 
membranes in the electrolyte rauige of 0.5 to 2. ON, but increased 
substantially at the 4.0 N level. The 103QZL-B2, the membrane with the 
highest porosity, showed aui Pe^^ tramsfer rate of 127-233 x lo”^ mg 
Fe/mP at 4. ON FeCl^ an eight fold i^icrease from a base line of 
18-30 X lO ^ mg Fe/mP. 

Tlie most efficient membranes in the candidate series, the CP4L-A2, 
and CD1L-A5 shewed only a three fold increase at 4. ON FeCl^. 

A summau:^' of the data is given in Table 17. 


33 



8.0 Fe'*'^ TRANSFER AS A FUNCTION OF CURRENT DENISTY 

The variability of Fe*^ transfer was measured as a function of 
current density for three membranes. 

(1) the 103CZL-219S, a standard production membrane (Ionics, Inc.) 
with a high porosity relative to the optimized cemdidate systems 

(2) A3L-A5 - low porosity candidate 

(3) A3L-A6 - low porosity candidate 

2 

The variation in current density was 15 to 480 ma/cm for the 

2 

103QZL-219S and 60 to 240 ma/cra for the A3L-A5 and A6. The results ".re 

summarized in Table 18. We found that the Fe^^ transfer (or loss) was 

2 

greatly diminshed above a CD=120 ma/cm for the more porous membrane, 
103QZL-B219S. At CD=480 the was 7-13 x lo”^ mg Fe/mF a 500 fold 
reduction from the high Fe loss of eUsout 1-4 mg Fe/mF at the lower current 
density values. (Figure 7) 

The more selective and less porous membranes A3L-A5, A6 showed little 

+3 

or no change j.n Fe transfer with increase in the current density. 

+3 

The extreme reduction in Fe transfer observed in the 103QZL-219S 

at high CD values could result from a polarization effect at the membrane 

solution interface. The high electric current demand could produce 
+3 

depletion of Fe in the interfacial solution film and malce it less 
available for transfer. Replenishment of the depleted film by diffusion 
of electrolytes from the solution bulk would favor the more mobile 
ion which is present in high concentration. 
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SCALE-UP CAPABILITY 


The membrane types 103QZL-B-2P and A3L-37P, developed for NASA Lewis 
under contract number NAS3-20108, were prepared in sizes 20” x 42" and in 
quantities of six membranes each. 

We statistically obtained samples from these small production runs 
by selecting, at random, three membranes from each, cutting analytical 
samples from each of the three (Labeled membranes A, B, euid C for each 
membrane type] as follows: 



For each membrane type (i.e., 103QZL-B2P or A3L-37?) there were developed 
a total of 15 typical samples, a small number (n) to be sure but still an 
effective sample variation to plot 3 sigma (3 ) production capability. 

The four most important parameters (or properties) to be considered 
when planning membrane production capability cure: 

(1) Ion Exchange Capacity, a measure in milliequivalent of dry 
resin of the exchauigable resin counter (exchangadsle) ion. 

(2) Thickness in millimeters. 

(3) Water content on a */et membrane basis. 

2 

(4) Resistivity - measured in ohm-cm through the plane of the membrane 







In the case of the 103QZL-B2P emd A3L-B7P membranes, only *5 samples 
each for a particular property have been made available due to very 
limited product icn. These have been ced in Tables 19, 20, and 21. 

In the statistical analyses of the small lots of the two special 
membranes, we can see from Table 22 that our capability for manufacturing 
these new experimental rfimbranes in a good tight specification range is 
good. While this evaluation is based upon a very small saunpling, it is 
unlikely, based on past experience, that the range will increase much more than 
a factor of two when a large number of samples of similcu: material have 
been prepared. 
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10.0 CONCLUSIONS 


o The CP4L-A2 membreme, a copolymer of 4 vinylpyridine and vinylbenzyl 
chloride, ranked highest in overall properties of selectivity, 
resistivity, and durability. The optimized properties were; Fe 
tr 2 Uisfer rate«*4-8 mg Fe/mF, Resistivity, R*^»1.8 ohm-cm^ at 0.23 mm 
film thickness, and superior durability in FeCl^ and CrCl^ at 8C°C. 

° The optimized versions of the other candidate membr 2 me<s were ranked 
in the following order; A3L-B7, 103QZL-B10, CD1L-A5, B2LDT-B2, Their 
optimized Fe'*’^ transfer rates were in the range of 1-8 mg Fe/mF, and 
t.»et the contract target Fe"^ transfer rate of ~2 mg Fe/mF. 

° The use of thin woven emd non-woven synthetic fabrics as backing 
materials demonstrated a 2 to 3 fold improvement in membrcuie 
electrical resist 2 uice by reduv.ing the functional film gage to about 
.10 to .30 mm range. Several experimental fabrics showed promise 
as backings or substrates, however, none attained the excellent 
durability and use reliadaility of the standard heavy gage woven 
Dynel (fxlm gage=0.6 mm), 

o The CP4L-A2, A3L-B7 cuid B2IDT-B2 candidate polymers showed excellent 
stability of resin structure and ion exchange groups in FeCl^ and 
CrCl^ at 80°C. (1000 hr. test) 

o The CD1L-A5 a..d 103QZL-B10 membranes gave good durability in ^eCl^ 
at 80°C and in CrCl^ at ambient temperature. 

° At least three alternative membrane/polymer systems showed promise 
for future development because of low resistivity and/or high ion 
exchange capacities. These were CT, CTM, and VC-TP systems. 

2 

° Lcurge scale manufacturing capability (5,5 ft per membrane) was 
successfully demonstrated for two candidate membrane systems, the 
A3L-B7 and the 103QZL-B2 on Dynel woven backing 183. 

° Fe^^ transfer rates of candidate membranes were not sensitive to 
variations in FeCl^ concentration in the 0.5 to 2.0 M range but 
increased substantially at 4.0M FeCl^. 

2 

o Variations in current density in the 60 to 480 ma/cm range did not 
effect the Fo"*"^ transfer rates in low porosity and high selectivity 
membranes. A leurge decrease in the transfer rate was observed in the 
more porous membrsne 103QZL-219S aODove 120 ma/cm^. 


✓ 
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11.0 RBCOMENDRTIONS FOR FURTHER WORK 


1. Ai-tempt major reduction in absolute membrane resistivity by creation 
of thin camdidate resin film on suitable backing or substrate. 


2. Investigate methods of application of thin film onto various available 
synthetic substrate materials. 

The substrates would include - 

a. non-woven mats in polypropylene, polyethylene. Teflon, 
and ceurbon; 

b. porous or macro-reticular ion exchange membranes and 
films. 


3. Investigate alternative polymer systems. 

a. heterogenous solvent cast films (ion exchcuige resin 
and binder) 

b. systems with lEC 
CT-copclyraer VBC and TEPA 
CTM-copolymer VCB auid TMEDA 

with emphasis upon the reaction of VEC with non steri- 
cally hindered polyaroines. 


4, Evaluate above thin film and alternative systems for * ity, 
resistivity, and durability. 


5. Reduce cation transfer in optimized candidate me.nbranes to virtual 
zero level by creation of high density surface film. 



ABSTRACT 


Experimental anion permselective meodljranes were improved and charac- 
terized for use as separators in a chemical redox power storage cell 
being developed at the NASA Lewis Rese^u:ch Center. The goal of minlLal 
Fe^^ ion transfer tfas achieved for ea<^ candidate membrane system. Minimal 
membrane resistivity was demonstrated by reduction of film thickness 
using synthetic backing materials but usefulness of thin membranes was 
limited by the scarcity of compatible fabrics. The most durable and 
useful backing fabrics were modacrylics. One membrane, a copolymer of 
4 vinylpyridine and vinylbenzylchloride was outstanding in overall 
electrochemical and physical properties. Long term (lOCO hr) membrane 
chemical and thermal durability in redooc environment was shewn by three 
candidate polymers and two membranes. The remainder had good durability 

at ambient temperature. Manufacturing capability was demonstrated for 

2 

large scale production of membrane sheets 5.5 ft in area for two candidate 


systems . 



SYMBOLS 



mP 

lEC 


Definitiop 

Resistivity by liquid junction oiethod 

Area resistance by liquid junction method 

Resistivity by contact probe method 

Area resistance by contact probe method 

^rmeation factor for Fc in the charging mode 

millifaraday 

Ion exchange capacity 

Interstitial molality 


Units 

ohm~cm 
ohm-cm^ 
ohm-cm 
ohm-cm^ 
mg Fe/mF 

96,5 X lO^ ma>sec 
meq,'dry grzun resin 
Dseq/gm H^O 
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NP= Volume fraction of non-polymerizable solvent 
MR= Molar ratio DMAEMA/VDC 
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IMMERSION DURABILIIY TEST SUMMARY - CANDIDATE ANION MEMBRANES 

I’D ST ENVIRONMENT 

A=2MFeCl3/lN HCl at 80°C 
D--»2MCrCl3/lU HCl at 80°C 
C=2MCrCl3/lN HCl at ambient temp 
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TABLE 13 


MEMBRANE RESlSTr^ITY AS A F'JNCTICN OF HCl CONCENTRATICN 
Method of Meas. -- Liquid Junction 

2 

Cell Cross Sectional Area — 1.36cm 
Meas. Frequency - 1000 HZ 


Membrane 

Film 

Thic3cness 

(mm) 

Backing Fabric 

Area : 
R"". IN 

Resistivity 
HC:. (.--cr. ) 


Resistance 

Ratio 

R0.1/R6.0 

O.IN 

0.5N 

l.ON 

1 2. ON 


103QZL-B2 

0.60 

Cynel 

13.1 

6.80 

4.17 

1 

3.03 

2.06 

6.4 

103Q2L-E10 

0 .50 

Dynel 

15.4 

9.6 

6.40 

4.16 

3.26 

4.7 

103QZL-310 

0.27 

Teflon 

6.81 

4.24 

2.63 

1.55 

1.43 

4.8 

A3L-B7 

0.60 

Dynel 

15.4 

10.0 

6.45 

5 .28 

3.2b 

4 7 

A3L-37 

0.27 

Teflon 

8.50 

b.b5 

3.75 

2.23 

1.85 

4.6 

A3L-B7 

0.1b 

Polypr opy lene 

11.98 

^9 

3.17 

— 

— 

— 

A3L-37 

0.25 

Po ly pr opy le ne 

9.04 


3.66 

— 

— 

— 

B2LDT-B2 

0.60 

Dynel 183 

12.0 

10.1 

7.72 

6.43 

3.54 

3.4 

B2LDT-32 

0.27 

Teflon 

6.53 

5.17 

4.19 

3.03 

2.03 

3.1 

CD1L-A5H-10 

0.60 

Dynel 

6.60 

5.75 

4.19 

3.79 

2.96 

2.3 

CDIL-A.- J 

0.11 

Modacrylic 

3.75 

3.00 

2.50 

2.15 

1.58 

2.4 

CP4L-A2 

0.23 

Modacrylic 

2.39 

2,50 

2.15 

1.80 

1.61 

1.5 

i 

Solution Resistance (ohms) 

! 

10.9 

1 

i 

3.2 

2.10 

1 



6.0 























table 1 4. 

^!E^SaANE RESISTI’TIT' AS A FTOCTICN CP S4C1 CONCEjrTRATI CK 

Methcxi of Measuring Liquid Junction 
Cell Cross Sectional Area * 1.36cm^ 

Meas. Precuency - louo H2 
Temp = 25*^3 


Membrane 


?ila 

Thickness 

(can) 


^Area Resistivitv 
R" , IN MaCl (-.-ca^ 


0.1 


0.5 I 1.0 


:.o 


5.0 


Resistance 
Ratio 
HO.i/'RS .0 


103QZL-32 

103QZL-310 

A3L-37 

32LDT-32 

CDLL-A5H-10 

CD1L-A5-3 

CP4L-A2 


0,60 

0.60 

O.bO 

0.60 

0.60 

0.11 

0.23 


12.3 
16.2 
15.9 

11.3 
6 .2u 
3. 57 
2.18 


11.5 

14.4 

14.4 
11.2 
6 .66 
3,64 
2.58 


9.28 

12.3 

12.5 

10.2 

6.26 

3.44 

2.77 


7.39 

10.5 

10.9 

9.06 

5.B9 

3.34 

2.60 


5.64 
S.61 
3.37 
3. 36 
5.90 
3.60 
3.47 


2.2 

1.9 

1.8 

1.4 

1.05 
l.CS 
0,63 


Solution Resistance 
(ohms) 


23.3 


3.82 


5.41 


3.64 


2 .68 


10.6 




















TABLE 15 


SPECIFIC RESISTANCE OF CANDItATE MEMBRANE IN HCl 


J O 

Specific Resistivity^ at 25 C (A-cm) 
Membrane at Electrolyte Concentration 


(Electrolyte) 

O.lN 

0.5N 

l.ON 

2. ON 

6. ON 

103QZL-B2 

218 

113 

70 

51 

34 

lC3tZL-BlO 

257 

160 

107 

69 

54 

A3I-b7 

257 

167 

108 

88 

54 

B2LDT-B2 

200 

168 

129 

107 

59 

CD1LA5H10 

113 

96 

70 

63 

49 

CD1LA5-3 

341 

272 

227 

195 

144 

CP4L-A2 

104 

109 

93 

78 

70 

(HCl) 

26.3 

5.57 

3.00 

1.77 

1.19 


Measurement by liquid junction method at 25°C 
HCl Conductivity Data - International Critical Tables Vol. VI, 1929 


TABLE 1 o 


SPECIFIC RESISTANCE OF CANDIDATE MEMBRANES IN NaCl 


Membrane 

(Electrolyte) 

Specific Resistivity,^’ at 25°C (A-cm) 

at Electrolyte Concentration 
O.lN 0.5N l.ON 2. ON 5. ON 

103QZL-B2 

205 

192 

155 

123 

94 

103QZL-B10 

270 

240 

213 

175 

144 

A3L-B7 

270 

240 

208 

182 

148 

B2LDT-B2 

188 

187 

170 

151 

139 

’D1L-A5H10 

103 

111 

104 

98 

98 

CD1L-A5-3 

352 

331 

313 

304 

327 

CP4L-A2-2 

95 

112 

120 

113 

151 

(NaCl) 

93.7 

21.3 

11.6 

(7.72) 

18®C 

4.47 

NaCl solutions 

acidified 

to O.OlN 

in HCl 

to activate 

weak 


amines . 

o 

Measurement by liquid Junction method at 25 C. 


NaCl Conductivity Data - Robinson R. A. and Stokes RH, Electrolyte 

Solutions, 2nd ed. 1959 p.466 
-and International Critical Tables, Vol. VI-1929 


53 



table 17 


?e TIIANSFER IM ANION MEMBRANES AS A ETJNCTICN OF 


FeCl^ CCNCENTRATICN 


All FeCl^ Soluticns 
Currant Density 


l.OK in HCi 
■ 5Cma/c:n^ 


Menvbrane 

Film 

Thickness 

(mm) 

Fe T 

ransfar ?, 

(mcFe/mF x 

lo"^ 

0.5M FeCl^ 

l.DM FeCl^ 

2.0M FeCI, 

4.0M FeCl^ 

103CZL-B2 

0.60 

18-30 

ia-29 

17-29 

127-233 

103QZL-310 

0.60 

3-4 

- 

7-15 

24-60 

CDIL A5H-10 

0.60 

3 

- 

5-8 

12 

CP4L-A2-2 

0.23 

3-4 

6-9 

4-8 

11-20 

CD11-A5 

0.11 


- 

5-3 

13 








I 


l] 

fl 

D 

TABLE 18. 

D 

pj TRANSFER AS A PONCTION OF CURRENT DENSITY 

Test Electrolyte - 2M Fe CI 3 /INHCI 
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TABLE 20 


D 
0 

y PROIERTIES - SAMPIES FROM raODDCTlON SCAIE MEMBRANE 

p. No. Manufactured - 6 

^ Size of Membreme Sheet - 20" x 42" 

n 103QZL-B2P MEMBRANE 


Oabrane 

D* 

D 




B 


I 

D 

0 

D 

D 


Sample 

Buret 

psi 

Thickness 

(mm) 

4 

O.IN HCl 

R^ 

0.01 NaCl 

lEC 

meq/dgr 

%H70 

1 

141 

■ 58f «58f .53 

9.7 

15.0 

2.53 

31.6 

2 

134 

.58/ «58r .58 

9.1 

15.0 

2.50 

31.3 

3 

139 

.58/ .58, .56 

9.4 

15.0 

2.54 

31.3 

4 

129 

.58, .58, .59 

8.4 

15.5 

2.45 

31.3 

5 

130 

.58/ .60/ .60 

9.3 

15.4 

2.52 

31.2 

1 

139 

.59, .59, .59 

8.1 

15.3 

2.57 

31.2 

2 

146 

.59,. 59,. 60 

8.5 

15.5 

2.56 

31.1 

3 

150 

.58, .59, .58 

8.4 

15.2 

2.34 

31.5 

4 

143 

.60,. 60,. 60 

8.4 

15.0 

2.33 

31.1 

5 

144 

.58, .58, .59 

8.5 

15.5 

2.42 

31.5 

1 

140 

.60, .60, .60 

7.9 

15.5 

2.47 

31.1 

2 

139 

.59, .59, .59 

8.5 

15.1 

2.41 

31.5 

3 

150 

.60, .59, .59 

8.6 

15.4 

2.43 

31.6 

4 

142 

.59,. 59, .59 

8.7 

15.5 

2.46 

31.4 

5 

137 

.59, .59, .59 

8.9 

15.0 

2.40 

31.4 
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table 21. 


EROFERTIES - SAMPEES FROM PROaUCTICW SCALE MEMBRANES 


No. Manafactured -10 
Size jf Membrane Sheet 20" x 42" 


A3L-B7P Membrane 


Membrane Sample 

Burst 

(psi) 

Thickness 

(mm) 

R® O.lNHCL 
A-cm^ 

lEC 

mq/dqr 

5122 

A 

1 

143 

.54, .55,. 54 

10.4 

3.59 

34.4 


2 

142 

.53,. 54,. 54 

9.4 

3.45 

32.9 


3 

148 

.^6, .36, .56 

9.1 

3.57 

33.5 


4 

143 

.53, .54, .55 

9.2 

3.66 

33.4 


5 

136 

.55, .55, .54 

9.7 

3.79 

33.4 

B 

1 

143 

.54,. 55,. 55 

10.3 

3.61 

33.2 


2 

147 

.57, .57, .57 

10.0 

3-54 

33.5 


3 

145 

.54,. 54,, 54 

10.6 

3.48 

31.2 


4 

153 

.56,. 56,. 55 

10.0 

3.51 

31.1 


5 

148 

.57, .57. ,57 

10.6 

3.40 

32.1 

C 

1 

148 

.55,. 55,. 56 

9.7 

3.59 

33.2 


2 

142 

.57, .58, .58 

9.6 

3.39 

32.9 


3 

141 

.57,.57,.58 

9.8 

3.40 

31.2 


4 

154 

.59, .59, .58 

9.4 

3.41 

30.8 


5 

141 

.55,. 55,. 56 

9.1 

3.65 

31.1 
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STATISTICAL ANALYSIS - STANDARD AND CANDIDATE 
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Figure 1, Polymer Structtire - Candidate Anion Membranes 


a, l03Qi:L - divinylbenzeiM, vinylbenzylchloride copolymer aminated with 

trimethylamine 



b, A3L - diviny Ibenzene , 2-vinylpyridine copolymer 



c. 32LDT - di viny Ibenzene / vinylbenzylchloride copolymer aminated with 

diethylene triamine 


1 2 2 I n 



c-P 
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Cl" 
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qP 
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CH^NH^CH^CH^NH^CH^CH^lJH^ 
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Figure 1. Folymer Structure - Candidate Anion Membranes (Cont.) 


<3, CDIL - vinylbenzylchloride , dimethylaminoethylmethyacrylate copolymer 
CH. 
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Cl 

CH 0 

i J 

*2 N - CH, 
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CH, 

! ^ 
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c*o 

I 

4-CH - CH:r)- 
2 n 


■Quaternary Site 


a. CP4L - VBC and 2 or 4 vinyl pyridine copol'^Tner 





2 n 


f, A3L-96 - 2-vinylpyridine and ethylene glycoldimethacrylate copolymer 





cr 


,© 


CH, 


;=o 


^CH2 - c 

CH. 
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Figure 2 . POLYMER STRUCTURE - ALTERNATIVE SYSTEMS 


CT - vinylbenrylchloride and tetraethylenepentamine (TEPA) copolymer 



CTM - vinylbenzylchloride and N, N, N' , N' tetrainethylethylenediamine 

(TMEDA) copolymer" 



-f-CH Cl- 

^ n 


VC-TP - polyvinylchloride film aminated with tetraethylenepentamine (TEPA) 
2 Cl 2 , -n 


© 


© 


Figure 2. (Cont.) POLYMER STRUCTURE - ALTERNATIVE SYSTEMS 
d. CE - vinylbenzylchloride-ethylenediamine (EDA) copolymer 


(-CH2CH-)n 




e. CD - vinylbenzyl chloride and diethylenetriamine (DETA) copolymer 



f. CX - 4-vinyl pyridine (4-VP) and a Or' dichloro p-xylene copolymer 


c^- 
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